The surface tension of dilute salt water is a fundamental property that is crucial to understanding the complexity of many aqueous phase processes. Small ions are known to be repelled from the air-water surface leading to an increase in the surface tension in accordance with the Gibbs adsorption isotherm. The Jones-Ray effect refers to the observation that at extremely low salt concentration the surface tension decreases in apparent contradiction with thermodynamics. Determining the mechanism that is responsible for this Jones-Ray effect is important for theoretically predicting the distribution of ions near surfaces. Here we show that this surface tension decrease can be explained by surfactant impurities in water that create a substantial negative electrostatic potential at the air-water interface. This potential strongly attracts positive cations in water to the interface lowering the surface tension and thus explaining the signature of the Jones-Ray effect. At higher salt concentrations, this electrostatic potential is screened by the added salt reducing the magnitude of this effect. The effect of surface curvature on this behavior is also examined and the implications for unexplained bubble phenomena is discussed. This work suggests that the purity standards for water may be inadequate and that the interactions between ions with background impurities are important to incorporate into our understanding of the driving forces that give rise to the speciation of ions at interfaces.
INTRODUCTION
Understanding the distribution of ions at the air-water interface has been a central problem of physical chemistry for nearly a century 1,2 and the subject of renewed interest in recent years. [3] [4] [5] It is known that small ions such as sodium and fluoride are repelled from the air-water interface. This is experimentally evident from the increase in surface tension at moderate concentrations of added salt and from molecular dynamics simulations. 6, 7 The theoretical explanation is ascertained through Debye-Hückel 8 theory (DHT). Applying DHT to ions near the air-water surface leads to a screened image charge repulsion that gives rise to the Wagner Onsager Samaras theory (WOS). 1, 2, 9 This electrostatic argument must ultimately be augmented with an analogous dispersion repulsion from the interface. 10 The interactions can be further partitioned at short distances from the air-water interface where there will be attractive cavity and electrostatic contributions. These will be compensated by the dehydration energy. 11, 12 The aforementioned arguments appear to fail when applied to very dilute salt solutions.
The surface tensions decreases until ≈ 2 mM. 13 According to the Gibbs adsorption isotherm this requires that there is an adsorption of solutes to the interface. This effect was first described over 80 years ago but no theoretical description that is widely accepted has been provided. The inability to achieve a theoretical consensus for this simple and fundamental experiment potentially exposes flaws in our current understanding of driving forces of ions to the air-water interface. Langmuir called this effect 'extraordinary' and both he and Onsager attempted to attribute it to an experimental artifact. 14, 15 However, the effect was subsequently reproduced with a different technique 16 and more recently, surface sensitive spectroscopy 17, 18 has confirmed that the surface is in fact altered by adding small amounts of salt ruling out this explanation. Ref. 19 20 and Okur et al. 21 where it was argued that the Jones-Ray effect is caused by a remarkable long-range ordering of water involving nuclear quantum effects.
Because the Jones-Ray effect contradicts fundamental theory, and there is some experimental variation in the measurement of this effect, theorists have hypothesized that impu-rities in water might play a role in the explanation. Experimentalists have been justifiably skeptical of this as stringent precautions are taken to prevent contamination. 17, 21 Here, we demonstrate that trace surfactant impurities adsorbed to the air-water surface will create a large negative electrostatic potential at the air-water interface. This potential will attract the added cations to the surface, lowering the surface tension. This effect disappears at higher concentration as the electrostatic potential is screened as a result of the cation adsorption.
The explanation relies on a simple and direct application of the Gibbs adsorption isotherm combined with a numerical solution to the Poisson-Boltzmann equation and demonstrates that the experimental surface tension increments can be reproduced using physically reasonable values for both free energies of binding and surfactant impurity concentrations. This work is independent of the very recent demonstration by Uematsu et al. 22 of the Jones-Ray effect using an analytical solution of the Poisson-Boltzmann (PB) equation with simplified surface interactions. Moreover, identical conclusions regarding the origins of the Jones-Ray effect are reached. In this work we will go further by examining the behavior of Jones-Ray effect in the context of spherical bubbles. A curvature dependent surface tension is believed to play a role in explaining nano-bubble stability. 23 This work provides an additional plausible mechanism for a curvature dependent surface tension. The Jones-Ray effect may therefore be playing an important role in nano-bubble stability.
THEORY
To model this system we consider a salt solution comprised of cations (A + ) and anions (B − ) in water. We then assume that the water also contains some impurities (AC) that form A + and C − . Where C − is a surface active contaminant molecule. A plausible candidate for AC would be sodium dodecyl sulfate (SDS), which is a ubiquitous negatively charged ionic surfactant often found in trace quantities in water. For simplicity we assume that the counter ion of the negative surfactant and the cation of the added salt (A + ) are the same species. This is not a significant assumption as the interactions of small alkali cations with the surface are all quite similar 12 and the surfactant counter ion is present at a very low concentration. We assume a square well potential for the interaction of the ionic surfactant (C − ) with the interface. The depth is taken to be −13k B T . This is a reasonable value for an ionic surfactant. 24 We assume a width of the binding minima of 5Å as a rough estimate of the size of the surfactant at the interface. This model of ion adsorption is essential the same as the one used by dos Santos and Levin 25 to model hydronium ion adsorption to the air-water interface. For the monoatomic ions we take the Wagner form 1,2 for the image charge repulsion from the air-water interface:
where κ is the inverse of the Debye Length. This expression only applies to monovalent ions. Although this is sufficiently accurate for our purposes it would be more accurate to use the more rigorous expression given by Levin et al. 26 . We will not attempt a quantitative comparison with multivalent ions. However, the Jones-Ray effect exhibits similar qualitative behavior for multivalent ions. We combine this with a hard sphere repulsion between the ion and the interface at short range. The size of this repulsion is taken as an adjustable parameter. A more sophisticated treatment would use free energy profiles computed from simulation or a continuum solvent model that includes the long-range dispersion repulsion between the ion and the surface. This term is independent of concentration and can be implicitly captured by adjusting the hard sphere repulsion. The concentration of the impurity species is also treated as a fitted parameter. To calculate the ionic surface excesses the PB equation is solved numerically using Mathematica 27 at various concentrations.
where
The boundary conditions are that the electrostatic potential goes to zero infinitely far into the water and the electric field is zero at the vacuum water interface, which is equivalent to the electro-neutrality condition. The surface excess is then integrated from 0.001 M in order to determine the surface tension change using the Gibbs adsorption isotherm:
Where the surface excess is given by:
We do not solve the PB equation at lower concentrations as 0.001 M is the lowest concentration probed experimentally and in the limit of infinite dilution finite system size effects can become important as the Debye length approaches macroscopic length scales and the thermodynamic limit is no longer valid. 28 We therefore adjust the surface tension at 0.001 to be equal to the experimental value.
As the salt concentration increases the adsorbing counter ion screens the electrostatic potential at the surface. This allows more surfactant ions to adsorb to the interface. Mathematically this effect does not contribute to lowering the surface tension as the term associated with the surfactant molecules in the Gibbs adsorption isotherm is zero as it is multiplied by the change in bulk concentration, which is zero. The effect of this adsorption on the surface tensions is captured implicitly through an increased adsorption of the added counter ion to neutralize the surface charge.
A. Bubbles systems
We can also apply this theory to the spherical bubbles in water by solving the PB equation
and Gibbs adsorption isotherm in spherical coordinates. These expressions are given by:
The Gibbs adsorption isotherm is the same with Γ relaced by:
The WOS image charge repulsion term is neglected in the case of spherical bubble calculations as the equivalent form of this interaction in spherical coordinates has not been calculated in spherical coordinates before to the best of our knowledge.
I. RESULTS AND DISCUSSION
A. Flat surface Table I shows The potassium thiocyanate salt has a minima at slightly higher concentration than the other potassium salts. Our model reproduces this effect when the hard sphere repulsion size of the thiocyanate ion is zero. This is consistent with the observation that thiocyanate is present at the air-water interface in contrast with the smaller anions. 32 Qualitatively, what is occurring is that the presence of the thiocyanate ion at the surface impairs the ability of the added salt to reduce the size of the surface potential. The experimental agreement at higher concentrations is poor for thiocyanate as the experimental surface tensions behave non-linearly in contrast with the other salts. This can be attributed to the formation of thiocyanate ion pairs with the added cations that adsorb to the interface. We have not attempted to model this effect explicitly here.
A second observation supporting this hypothesis is that there is substantial experimental variation in this effect. Figure 2 gives the surface tension of potassium chloride as measured by three different groups. 13, 16, 33 There are qualitative differences between the three measurements which can be adequately reproduced with this model by simply assuming a different concentration of impurities. Surprisingly, the same surface binding free energies can be used for all three cases, suggesting the same impurity could be responsible for this effect in all of these experiments. This mechanism will also require a non-negligible equilibration time.
This is consistent with the results of Ref. 34 that finds a Jones-Ray effect appearing only at longer bubble lifetime. Although this behavior is not always observed. 35 The presence of trace surfactant impurities in supposedly purified water has been observed before in the context of bubble slip length measurements. [36] [37] [38] These show that trace surfactant impurities are present in sufficient quantities to alter the slip behavior of bubbles.
The mechanism of this effect is clear from Figure 3 which plots the electrostatic surface potential for the case of 0 M 0.002 M and 0.2 M of NaCl with and without 0.1 µM of surfactant with the adsorption properties described above. Figure 3 demonstrates that the surfactant impurities create a very long range large negative electrostatic potential. This potential extends far into bulk due to the large Debye length at low concentrations. It is extraordinarily difficult to remove this effect experimentally. Reducing the surfactant concentration results in a longer Debye length, which compensates for the decreased surfactant concentration. For the case of no added salt the potential is close to -0.075 V which is close to the commonly observe negative zeta potential of bubbles in water. Surfactant impurity adsorption has already been identified as the mechanism behind this effect. 39 This potential is much larger than the potential created by the salt ions adsorbing on their own to the interface and is the driving force that attracts the added cations to the air-water interface at very low concentrations. At higher salt concentration this potential is screened and significantly reduced in size consistent with the fact that the Jones-Ray effect is only observed salt is added to a system with two phases where the salt is soluble in both. Although this study employs a similar physical mechanism, in the case of the air-water interface it is the difference in the solvation free energy of the ions and surfactant in the interfacial layer that gives rise to the surface potential rather than the solubility of salt in two separate phases.
The extent to which ion-pairing might play a role in the Jones-Ray effect, as suggested by Otten et al. 43 can also be considered. In particular, it is possible that the added ions are forming ion-pairs with ionic impurities and then subsequently adsorbing to the air-water interface as a neutral hydrophobic species. This mechanism can reproduce the experimental measurements well but it requires binding free energies of ion-pairing on the order of −10 k B T and even larger for multivalent ions which is significantly beyond the accepted values for ion-pair formation with common surfactant head groups. 24, 44 These binding free energies would also have to show almost no ion-specificity.
Pioneering surface sensitive spectroscopic measurements of the Jones-Ray effect have been interpreted in terms of anionic adsorption. 18, 20, 21, 35 However, these experiments require an assignment of the details of water's response to differentiate between ions and surfactant impurities. Given that the surfactant adsorption will increase as the surface electrostatic potential decreases with added salt it seems reasonable to assume that the measured signals may be attributable to the surfactant impurities themselves adsorbing to the interface rather than the salt anions. Additional complexities are encountered with reactive salts where observations suggest that the absence of a Jones-Ray effect. 45 Okur et al. 21 
B. Bubbles
The effect of surface curvature on the Jones-Ray effect can also be examined by solving the relevant PB equations in spherical coordinates. The first clear result is that the surface potential is reduced as the bubble size decreases this provides additional evidence that the negative zeta potential is caused by the adsorption of negatively charged surfactant impurities as there is experimental evidence that the zeta potential of bubbles becomes smaller in magnitude as the bubble size decreases. 46 This is shown in Fig. 4 . This provides additional evidence that the negative zeta potential of pure water is associated with the adsorption of trace amounts of negatively charged impurities to the air-water interface.
A direct implication of this reduced surface potential is that the Jones-Ray effect will be diminished for small bubbles. This is demonstrated in Fig 5. Moreover, the reduction in surface potential at curved interfaces means that additional surfactant ions will be able to adsorb and the surface tension effects of surfactant molecules will be enhanced. This is For a very small bubble the surface potential vanishes.
shown in Fig. 6 where the surface tension of pure surfactant systems with no added salt is shown as a function of bubble sizes. Fig. 6 depicts a sharp decrease in surface tension as the bubbles decrease in size. A curvature dependent surface tension is believed to play a role in explaining nano-bubble stability. 23 This work provides an additional plausible mechanism for a curvature dependent surface tension and so the Jones-Ray effect may therefore be playing an important role in nano-bubble stability.
An additional puzzling observation regarding the behavior of bubbles is that bubblebubble coalescence is inhibited by the addition of certain salts to water. 47, 48 Bubbles in electrolyte solution approaching at low velocities are known to coalesce. 49 The mechanism of coalesce inhibition must therefore be dynamic in nature and related to thin film drainage processes. 50 Intuitively, if the collision time of the bubbles is less than the time required to drain the thin film of liquid between them then the bubbles will bounce instead of coalescing. The bubbles in these experiments are generally too large for surface curvature effects on the surface potential to be important. However, the surface potential created by trace surfactant impurities can in principle provide a long-range repulsion between approaching bubbles. This long-range repulsion may explain the apparent stability of thin films of purified water that disappears with added salt. 51 We can also conjecture a potential role of this repulsion in facilitating bubble-bubble coalescence. This long-range repulsion may reduce the relative velocities of the two approaching bubbles so that the collision time is increased, allowing enough time for thin film drainage and thus coalescence to occur. The addition of salt to water would screen this long range repulsion resulting in coalescence inhibition. This inhibition may not occur for salts where one ion is surface active and the other is not as these salts create an electrostatic surface potential and hence repulsion will occur due to the formation of a double layer in the vicinity of the interface. This is consistent with the observation that salts with one surface active ion do not inhibit coalescence. The analysis put forth in this study provides the theoretical foundation that can incorporate the effects of surfactant impurities into models of the air-water interface and thus provides a new possible mechanism for explaining long-standing puzzles regarding the properties of the air-water interface at both large and small curvature. 
II. ACKNOWLEDGEMENTS

